Virus infection of target cells can result in different biological outcomes: lytic infection, cellular transformation, or cell death by apoptosis. Cells respond to virus infection by the activation of specific transcription factors involved in cytokine gene regulation and cell growth control. The ubiquitously expressed interferon regulatory factor 3 (IRF-3) transcription factor is directly activated following virus infection through posttranslational modification. Phosphorylation of specific C-terminal serine residues results in IRF-3 dimerization, nuclear translocation, and activation of DNA-binding and transactivation potential. Once activated, IRF-3 transcriptionally up regulates alpha/beta interferon genes, the chemokine RANTES, and potentially other genes that inhibit viral infection. We previously generated constitutively active [IRF-3(5D)] and dominant negative (IRF-3 ⌬N) forms of IRF-3 that control target gene expression. In an effort to characterize the growth regulatory properties of IRF-3, we observed that IRF-3 is a mediator of paramyxovirus-induced apoptosis. Expression of the constitutively active form of IRF-3 is toxic, preventing the establishment of stably transfected cells. By using a tetracycline-inducible system, we show that induction of IRF-3(5D) alone is sufficient to induce apoptosis in human embryonic kidney 293 and human Jurkat T cells as measured by DNA laddering, terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling assay, and analysis of DNA content by flow cytometry. Wild-type IRF-3 expression augments paramyxovirus-induced apoptosis, while expression of IRF-3 ⌬N blocks virus-induced apoptosis. In addition, we demonstrate an important role of caspases 8, 9, and 3 in IRF-3-induced apoptosis. These results suggest that IRF-3, in addition to potently activating cytokine genes, regulates apoptotic signalling following virus infection.
Apoptosis, or programmed cell death, plays a critical role in maintaining the homeostasis of multicellular organisms by specifically removing damaged, spent, or misplaced cells (22) . Apoptosis can be induced rapidly through death receptor engagement (3, 41) or in response to a wide variety of cellular stresses, including DNA damage, withdrawal of growth factors, and pathogen assault (51) . Following an apoptotic stimulus, cells initiate signalling pathways that lead to the activation of cellular death proteases termed caspases and culminate with the degradation of the cellular machinery, giving rise to the classical apoptotic morphology (11, 50, 51) .
Viral replication can induce cells to undergo apoptosis. Cells commit suicide as a host defense mechanism, limiting the spread of progeny virus and preventing oncogenic transformation by oncogenic viruses (42) . Induction of apoptosis, however, can also benefit the virus: apoptosis of virus-infected cells can lead to increased viral dissemination while evading immune recognition. Many viruses have evolved strategies to suppress or delay the induction of apoptosis, underscoring the importance of this mechanism in immune control. EpsteinBarr virus encodes a functional homologue of the anti-apoptotic protein Bcl-2 (18) , and via its latent membrane protein-1, it up regulates the expression of the anti-apoptotic gene bcl-2 and activates the NF-B signalling pathway (19, 44) , both of which have been implicated in cell survival (1, 6, 41) . Other viruses, including human papillomavirus and adenovirus, express proteins which inactivate p53, thereby ablating induction of p53-dependent apoptosis (48) . Several other viruses have adopted a common strategy: baculovirus protein p53 and poxvirus CrmA inhibit the activation of caspases (10, 30) . Kaposi sarcoma-associated human herpesvirus 8 also specifically encodes an inhibitor of caspase 8, thereby preventing T cells from eliminating infected cells by death receptor induction (49) .
One of the immediate cellular responses to viral infection involves the secretion of interferons (IFNs) (52) . In addition to their antiviral and immunomodulatory properties, IFNs have recently been shown to be important regulators of virus-induced apoptosis. IFNs elicit an antiviral state in uninfected cells through the transcriptional activation of anti-viral proteins while inducing apoptosis in virus-infected cells (47) . IFNs are upregulated through the coordinate activation of transcriptional regulatory proteins NF-B and IFN regulatory factors (IRFs) (20) . Virus-induced posttranslational phosphorylation of IRF-3 is thought to stimulate beta IFN (IFN-␤) production (21) . Secreted IFN-␤ (and IFN-␣4 in murine cells) then acts through the JAK-STAT pathway to stimulate the production of a distinct member of the IRF family-IRF-7-which in turn contributes to the transcriptional induction of other IFN-␣ genes (5, 29, 39) .
The IRF family of transcription factors includes nine mammalian members; IRF-1 to -7, ICSBP (now designated IRF-8), and p48 (designated IRF-9), as well as several viral homologs (32) . IRF-3 is a 55-kDa protein that is expressed constitutively in all tissues (4) . In response to virus infection or treatment with double-stranded (ds) RNA, IRF-3 is phosphorylated on specific C-terminal serine and threonine residues (26, 54, 56) . This posttranslational modification leads to IRF-3 dimerization and translocation into the nucleus and the transcriptional activation of target genes (26, 27, 53, 54, 56) . IRF-3 requires the coactivator CREB-binding protein (CBP)-p300 to mediate transcriptional activation and is important for regulating viral induction of the chemokine RANTES as well as IFN genes (25, 26, 37, 54, 56) . Substitution of these serine and threonine residues in the amino acid 396 to 405 region of IRF-3 with aspartic acids creates a constitutively active form of IRF-3 that is able to stimulate transcription in the absence of virus induction (26) .
In this study, we demonstrate that IRF-3 is an essential mediator of paramyxovirus-induced apoptosis. Initial experiments demonstrated that expression of the constitutively active form of IRF-3 was toxic in both Jurkat T cells and human embryonic kidney 293 cells, thus preventing the establishment of stably transfected cells. To circumvent this effect, a tetracycline (TET)-inducible system was used to demonstrate that induced expression of the constitutively active form of IRF-3 was sufficient to produce apoptosis in both Jurkat and 293 cells. Wild-type IRF-3 expression augmented paramyxovirus-induced apoptosis in both cell types, whereas expression of a truncated dominant negative form of IRF-3 blocked virusinduced apoptosis. These results suggest that IRF-3, in addition to potently activating cytokine genes, functions to regulate apoptotic signalling in response to virus infection.
MATERIALS AND METHODS
Cell culture and virus infection. Human embryonic kidney 293 or Jurkat T cells were grown in minimal essential medium alpha (␣MEM) (293) or RPMI 1640 (Jurkat) medium (GIBCO-BRL) supplemented with 10% fetal bovine serum (FBS), glutamine, and antibiotics. In experiments where control and IRF-3-expressing cells were virus infected, Sendai virus (80 hemagglutinating units [HAU]/ml) (a kind gift from I. Julkunen) was added to the cells for 1 h in serum-free media. After incubation, cells were washed and placed in growth media containing 10% FBS. For the doxycycline (DOX)-inducible cell lines, cells were pretreated with 1 g of DOX per ml for 12 h (Jurkat T cells) or for 24 h (293 cells) and were maintained with DOX for the duration of the infection.
Plasmid constructions and mutagenesis. The wild-type and mutated forms of IRF-3-expressing plasmids were described previously (26) .
Generation of IRF-3 and IRF-3(5D) cell lines. Plasmid CMV t -rtTA (33) was introduced into human embryonic kidney 293 cells by the calcium phosphate method and into human Jurkat T cells by electroporation. Forty-eight hours after transfection, cells were grown in ␣MEM (GIBCO-BRL) (293 cells) or RPMI 1640 (GIBCO-BRL) (Jurkat cells) medium containing 10% heat-inactivated FBS, glutamine, antibiotics, and 2.5 ng of puromycin (Sigma) per l. Resistant cells carrying the CMV t -rtTA plasmid (rtTA-293 cells or rtTA-Jurkat cells) were then transfected with the CMV t -IRF-3 and CMV t -IRF-3(5D) plasmids. Cells were placed in selective media (growth media with 2.5 ng of puromycin per l and 400 g of G418 per ml) 48 h after transfection and were monitored for approximately 2 weeks. For generation of IRF-3 ⌬N cells, IRF-3 ⌬N/pEGFPC1 was introduced into 293 cells by the calcium phosphate method, and cells were selected with G418 as described above.
Colony formation assay. 293 cells were transfected with 10 g each of control pEGFPC1 vector, pEGFPC1-IRF-3, and pEGFPC1-IRF-3(5D). Thirty six hours after transfection, cells were placed in selection media containing 400 g of G418 (Life Technologies, Inc.) per ml. Two weeks later, cells were fixed with ice-cold methanol and were Giemsa stained (Life Technologies, Inc.). Expression of the green fluorescent protein (GFP) fusion proteins was monitored by fluorescence microscopy.
Western blot analysis. To screen and characterize the kinetics of IRF-3 and IRF-3(5D) induction, the expressing cells were cultured in the presence of 1 g of DOX per ml for various times. Cells were washed with phosphate-buffered saline (PBS) and were lysed in 10 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.5% Nonidet P-40, 0.5 mM phenylmethysulfonyl fluoride, 5 g of leupeptin per ml, 5 g of pepstatin per ml, and 5 g of aprotinin per ml. Equivalent amounts of whole-cell extract (20 to 40 g) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 10% (IRF-3) or 15% (CPP-32) polyacrylamide gel. After electrophoresis, the proteins were transferred to Hybond transfer membrane (Amersham) in a buffer containing 30 mM Tris, 200 mM glycine, and 20% methanol for 1 h. The membrane was blocked by incubation in PBS containing 5% milk for 1 h and was then probed with IRF-3 or CPP-32 antibody (kind gifts from P. Pitha and P. R. Sékaly, respectively) in 5% milk-PBS (dilution 1:3,000) at 4°C overnight. After four 10-min washes with PBS, membranes were reacted with a peroxidaseconjugated secondary goat anti-rabbit antibody (Amersham) at a dilution of 1:2,500. The reaction was then visualized with the enhanced chemiluminescence detection system (ECL) as recommended by the manufacturer (Amersham).
Flow cytometry. For fluorescence-activated cell sorter (FACS) analysis of Jurkat T cells, 5 ϫ 10 6 cells were washed in PBS and were fixed in 70% ethanol in PBS for 1 h. Cells were then washed three times with PBS and were stained at 4°C overnight in 0.5 mM Tris (pH 8.0), 1.5 mM spermine tetrahydrochloride, 35 g of RNase A per ml, and 50 g of propidium iodide per ml. Cells were analyzed by FACStar using the Consort 30 software (Becton Dickinson).
DNA fragmentation. Following treatments, ϳ2 ϫ 10 6 cells were pelleted, were washed with PBS, were resuspended in 250 l of lysis buffer (20 mM Tris HCl [pH 7.5], 10 mM borate, 0.25% Nonidet P-40, 0.1 mg of RNase per ml), and were incubated for 1 h at 37°C. Proteinase K was added to a final concentration of 1 mg/ml, and extracts were incubated for an additional 1 h. Samples were separated on a 1.8% agarose gel containing 0.5 g of ethidium bromide per ml and were visualized by UV illumination.
TUNEL analysis. Apoptosis was quantified by using an in situ cell death detection kit (Boehringer Mannheim). Approximately 10 6 cells were centrifuged, washed once with PBS, and resuspended in 20 l of PBS (on a multichamber slide) or in 100 l of PBS (FACS analysis). For the multichamber slide, cells were plated, air dried, and fixed with 4% paraformaldehyde for 30 min at room temperature. Slides were rinsed twice with PBS and were incubated for 2 min at 4°C in permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate), were rinsed with PBS, and were incubated with fluorescein-labelled terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) reaction mixture for 1 h at 37°C in a humid, darkened chamber. Slides were again FIG. 1. Constitutively active IRF-3 is toxic to cells. 293 cells were transfected with 10 g of control pEGFPC1 vector (A), pEGFPC1-wtIRF-3 (B), or pEGFPC1-IRF-3(5D) (C). Beginning 36 h after transfection, cells were selected in media containing G418 (400 g/ml); after 2 weeks of selection, cells were fixed in the plate with ice-cold methanol and were stained with Giemsa. Expression of the GFP fusion proteins was monitored by fluorescence microscopy.
rinsed with PBS, were incubated with the DNA dye Hoechst 33342 (0.4 ng/ml) to visualize all nuclei, were washed with PBS, and were embedded in mounting solution (10 mM Tris HCL [pH 8.8] and 0.1 M propyl gallate in glycerol). Samples were analyzed by fluorescence microscopy, and the percentage of apoptotic cells was determined by counting a minimum of 350 nuclei (blue filter) and the corresponding TUNEL-positive cells (green filter). For FACS analysis, a similar protocol was used, except that U-bottomed 96-well plates were used instead of multichamber slides. Cells were analyzed by FACStar by using the Consort 30 software (Becton Dickinson).
MTT assay. 293 cells were plated at a concentration of 1,000 cells/well in a 96-well plate. After 24 h, cells were treated with different inducers and were subsequently analyzed by metallothionin (MTT) assay. Briefly, the medium was replaced by fresh medium containing 10 mM of PIPES [4- RPA. For ribonuclease protection assay (RPA), total RNA isolated from 293 or Jurkat T cell pellets was prepared using the RNAeasy kit (Qiagen). Total RNA (5 g) was subjected to RPA by using the hCK-3 chemokine template of the RiboQuant multi-probe RPA kit, following the manufacturer's instructions (Pharmingen, San Diego, Calif.).
Caspase assay. For quantifying caspase activity. Jurkat T cells (5 ϫ 10 6 cells) expressing IRF-3(5D) were washed in cold PBS, lyzed, and incubated with fluorogenic substrates for caspase 8 (IETD-AFC; Clontech) or caspase 9 (LEHD-AFC; Enzyme Systems Products) as described in the Apoalert FLICE/ Caspase-8 assay kit (Clontech). This kit can also be modified to measure caspase 
RESULTS

Generation of TET-inducible cell lines.
In order to identify genes that may be regulated by the IRF-3 transcription factor, we sought to generate stable cell lines expressing different forms of IRF-3. The pEGFPC1 control vector and vectors encoding GFP-wild-type IRF-3 (wtIRF-3) and a constitutively active form of IRF-3, GFP-IRF-3(5D), were transfected in 293 human embryonic kidney cells. After 2 weeks of selection in G418-containing medium, an equal number of clones (250 to 300 clones per 100-mm-diameter plate) expressing the control vector or wtIRF-3 were obtained ( Fig. 1A and B) . In contrast, only a few clones (25 to 30 clones per 100-mm-diameter plate) were obtained from cells transfected with IRF-3(5D), revealing a possible toxic effect of the transgene (Fig. 1C) . Moreover, clones isolated from the IRF-3(5D)-transfected cells did not express the GFP fusion protein (data not shown). To circumvent this effect, 293 and Jurkat cells that inducibly expressed wtIRF-3 and IRF-3(5D) under the control of a TET-inducible promoter were generated, as previously described (25) . Polyclonal populations of 293 and Jurkat cells were screened for DOX-inducible expression of the transgene by immunoblot analysis. wtIRF-3 and IRF-3(5D) were inducible following DOX induction, with high levels of IRF-3 evident at 18 h in rtTA-293 wtIRF-3 cells (Fig. 2A, lane 6) , at 8 h in rtTA-293 IRF-3(5D) cells (Fig. 2B, lane 4) and rtTA-Jurkat wtIRF-3 cells (Fig. 2C, lane 4) , and as early as at 4 h in rtTA-Jurkat IRF-3(5D) cells (Fig. 2D, lane 3) . The IRF-3(5D) protein migrated more slowly on SDS-PAGE than endogenous IRF-3 protein, at a position similar to phosphorylated IRF-3 (25) . In contrast to cell lines transfected with wtIRF-3, cell lines transfected with IRF-3(5D) did not exhibit any expression of the transgene in the absence of DOX induction (Fig. 2B and D , lanes 2), further suggesting that leakiness of the IRF-3(5D) transgene under unstimulated conditions prevented the selection of stable cell clones.
Constitutively active IRF-3 induces apoptosis. To study the effect of wtIRF-3 and IRF-3(5D) on cell-growth regulation, IRF-3 was expressed following the addition of DOX to the rtTA-293 wtIRF-3-and rtTA-293 IRF-3(5D)-inducible cell lines. The addition of DOX resulted in cell death in IRF-3(5D)-expressing cells beginning at 48 h but did not cause cell death in wtIRF-3-expressing cells. wtIRF-3-and IRF-3(5D)-expressing 293 cells were next assayed for apoptosis by the TUNEL method (Fig. 3A) and by DNA fragmentation (Fig.  3B) . DOX-induced control rtTA-293 and rtTA-293 wtIRF-3 cells were TUNEL negative and showed no spontaneous DNA fragmentation (Fig. 3B) , while rtTA-293 IRF-3(5D) cells were TUNEL positive (approximately 25%) (Fig. 3A) and exhibited DNA fragmentation starting 2 days after DOX induction with peak levels on days 4 and 5 (Fig. 3B) . IRF-3(5D)-induced apoptosis was also examined in rtTA-IRF-3-expressing Jurkat T cells by monitoring for TUNEL-positive staining (Fig. 3C) and DNA content by propidium iodide staining and flow cytometry analysis (Fig. 3D) . DOX induction of the IRF-3(5D) resulted in 33% apoptosis by 48 h, and the number of detectable apoptotic cells had increased to 55% by 72 h. Addition of DOX to rtTA-Jurkat control cells and wtIRF-3-expressing Jurkat cells did not increase the low level of apoptosis in these cells (Fig. 3D) .
IRF-3 mediates virus-induced apoptosis. Since IRF-3 is directly activated following virus infection, we sought to examine whether IRF-3 was involved in virus-induced apoptosis. Control and Jurkat cells overexpressing wtIRF-3 or IRF-3(5D)
were infected with Sendai virus and were subsequently stained with propidium iodide for FACS analysis (Fig. 4) . Sendai virus infection of rtTA-Jurkat cells resulted in approximately 15% apoptosis (Fig. 4B) , while overexpression of wtIRF-3 increased the number of apoptotic cells to 30% (Fig. 4D) . The response to virus infection in uninduced IRF-3(5D)-expressing Jurkat cells was similar to control cells (Fig. 4F) while overexpression of IRF-3(5D)-induced apoptosis in 60% of the population (Fig. 4G) ; the combination of virus infection and overexpression of IRF-3(5D) resulted in almost 66% cell death (Fig. 4H) .
Next, a dominant negative mutant of IRF-3 lacking most of the DNA binding domain (IRF-3 ⌬N) was used to examine the involvement of IRF-3 in virus-mediated apoptosis. This dominant negative mutant of IRF-3 has been shown to block downstream target gene activation (25) . 293 cells overexpressing wtIRF-3 or IRF-3 ⌬N were infected with Sendai virus and were analyzed for virus induced apoptosis by TUNEL analysis. Virus infection of control 293 cells resulted in 25 to 30% apoptosis by 72 h after infection, whereas the level of apoptosis in wtIRF-3-expressing cells was more pronounced. Nonstimulated rtTA-293 wtIRF-3 cells showed approximately the same amount of apoptosis as control 293 cells (25% at 72 h postinfection), whereas the same cells exhibited a threefold increase in TUNEL positive cells following DOX induction. By 24 h postinfection, 20% of the cells were apoptotic; the level of apoptosis increased to approximately 60% after 48 h, and by 72 h after virus infection about 75% of the cell population was apoptotic (Fig. 5) . The essential role of IRF-3 in mediating virus-induced apoptosis was highlighted by the observation that expression of the dominant negative form of IRF-3 blocked the induction of apoptosis by viral infection; less than 15% of the cells were apoptotic at 72 h postinfection (Fig. 5) .
IFN release is not implicated in IRF-3-induced apoptosis.
Since constitutively active IRF-3 has been shown to be a strong activator of interferon and cytokine gene expression (25, 26) , we investigated the possibility that IRF-3 may stimulate IFN production which in turn may induce apoptosis, since IFN has been shown to induce apoptosis in virus-infected cells (47) . IFN treatment alone did not induce apoptosis in Jurkat cells. As shown in Fig. 6A and B, the addition of a neutralizing antibody against IFN-␣ did not protect 293 or Jurkat cells from Sendai virus-induced apoptosis, as measured by MTT or TUNEL assays, respectively. The MTT assay, which reflects mitochondrial activity, was used as a marker of cell death in Fig. 6A . Moreover, cotreatment of both cell types with Sendai virus and IFN-␣ did not increase the level of cell death beyond that induced by virus alone (Fig. 6A and B) . Expression of IRF-3 ⌬N abrogated 50% of Sendai virus-induced apoptosis (Fig. 6A) ; this data was similar to that by TUNEL assay presented in Fig. 5 (Fig. 6C) . Similarly, no IFN-␥ mRNA was detected (Fig. 6C) . Finally, Jurkat T cells grown in the conditioned media derived from rtTA-Jurkat or rtTA-Jurkat IRF-3(5D) cells induced with DOX for 72 h did not undergo apoptosis (data not shown). Altogether, these data indicated that IFN production was not involved in the induction of apoptosis by IRF-3.
Activation of CPP-32/caspase 3. To examine which members of the caspase family were involved in these apoptotic processes, CPP-32/caspase 3 activation was monitored by immu- (Fig. 7) . Following an apoptotic stimulus, CPP-32 proenzyme is processed into two subunits, the active subunit (p17) and a smaller subunit (p12) (35) . Whereas only low levels of the active p17 subunit of caspase 3 could be detected in control 293 and rtTA-Jurkat cells after Sendai virus infection ( Fig. 7A and B, lanes 1 to 4) , both Jurkat and 293 cell lines overexpressing wtIRF-3 showed a progressive decrease in the amount of full-length caspase 3 and an increase in the levels of active p17 caspase 3 subunit after virus infection ( Fig.  7A and B, lanes 5 to 8) . Induction of the constitutively active IRF-3(5D) with DOX had a similar effect: caspase 3 was activated 48 h after DOX induction ( Fig. 7A and B, lanes 11 ), in agreement with the kinetics of induction of apoptosis.
Caspase 8 and caspase 9 are involved in IRF-3-dependent activation of CPP-32/caspase 3. We next examined which apoptotic pathways led to caspase 3 activation in Sendai virusinfected or IRF-3(5D)-overexpressing cells. Several studies have reported that at least two caspases (caspases 8 and 9) can activate CPP-32/caspase 3 following death receptor ligation or exposure to cytotoxic agents (8, 15, 24, 31, 43) . To verify if these caspases are involved in Sendai virus-and IRF-3(5D)-induced apoptosis, highly specific inhibitors of the caspases were used in a pharmacological approach, and the effects of these inhibitors in IRF-3-expressing Jurkat cells are shown in etoposide-induced apoptosis in rtTA-Jurkat IRF-3(5D). Under the same conditions, z-IETD-which is selective for caspase 8-inhibited the effect of anti-Fas antibody which stimulates FADD-dependent cell death though caspase 8 activation, but had no effect on etoposide-induced apoptosis. In contrast, the caspase 9 specific inhibitor z-LEHD blocked the apoptotic effect of etoposide which bypasses caspase 8 and induces apoptosis by triggering cytochrome c release and caspase 9 activation.
By using a similar approach, we next verified the pathway by which Sendai virus and IRF-3(5D) induce apoptosis. In Fig.  8B , treatment of wtIRF-3 Jurkat cells with the caspase inhibitor z-IETD abrogated almost 70% of the apoptotic response observed at 72 h after Sendai virus infection. The use of z-LEHD partially impaired Sendai virus-induced cell death, suggesting that caspase 9 may also be involved in the pathway leading to apoptosis. These caspase inhibitors produced similar apoptotic inhibitor effects in IRF-3(5D)-expressing cells (Fig.  8C) . These data illustrate the high potency and selectivity of these apoptosis inhibitors and, more importantly, demonstrate that caspase 8 and to a lesser extent caspase 9 are involved in IRF-3(5D)-and Sendai virus-induced apoptosis.
To demonstrate that IRF-3(5D) is sufficient to induce the activation of caspases 8 and 9, lysates from DOX-induced rtTA-Jurkat IRF-3(5D)-expressing cells were used in combination with fluorogenic substrates for both caspases to quantify their respective activities. As shown in Fig. 8D , the activity of both caspases was significantly increased 48 to 72 h after DOX induction, a time interval that corresponds with the activation of CPP-32/caspase 3 (Fig. 7B) . Similar results were also obtained when cleavage of proapoptotic caspase 8 was monitored by immunoblot analysis (data not shown). Caspase 9 was not as strongly activated as caspase 8; however, as shown in Fig. 8B and C, IRF-3(5D) induction of apoptosis may involve multiple pathways, concomitantly requiring both caspase 8 and 9.
DISCUSSION
In this study, the potential growth modulatory properties of the IRF-3 transcription factor were analyzed in cell lines constitutively or inducibly expressing IRF-3 transgenes. The constitutively active form of IRF-3 [IRF-3(5D)] was shown to induce apoptosis in human embryonic kidney 293 and Jurkat T cells, while wtIRF-3 had no effect on its own. Viral infection of cells overexpressing wtIRF-3 enhanced the number of cells undergoing apoptosis by two to threefold, depending on the cell type, while a dominant negative form of IRF-3 (IRF-3 ⌬N) interfered with virus-induced apoptosis in 293 cells, thus demonstrating that IRF-3 activation may initiate apoptotic signalling. The ability of IRF-3 to signal apoptosis is likely limited to virus-infected cells, since virus infection is the only mechanism known to activate IRF-3 (21); furthermore, dominant negative IRF-3 did not inhibit apoptosis induced by osmotic stress (data not shown). Activation of caspase 8, and to a lesser extent caspase 9 and CPP-32/caspase 3, were involved in both Sendai virus-and IRF-3(5D)-induced apoptosis. However, it is not clear whether IRF-3 is able to independently regulate both the mitochondrial apoptotic pathway as well as the death-induced signaling complex (DISC) that comprises caspase 8. These effects may depend on the cell type. For example, in type II cells, including Jurkat cells, it has been reported that caspase 8 and caspase 3 are activated downstream of the mitochondria (40) . In contrast, in type I cells, apoptosis is relatively mitochondrion independent, and caspase 8 is rapidly activated at the DISC prior to caspase 3 activation (40) . However, inhibition of caspase 8, rather than mitochondrion-related caspase 9, in IRF-3(5D)-expressing cells profoundly repressed apoptosis. It is plausible that IRF-3 may induce an unknown gene(s) that contributes to apoptosis by regulating the DISC to convert Jurkat cells into type I cells. Therefore, inhibiting caspase 9 would not dramatically affect IRF-3-mediated apoptosis, as described in this study. Nevertheless, some caspase 9 activity was observed and may be explained by recent data demonstrating that activated caspase 8 can recruit mitochondrial input into the caspase-9-mediated activation of caspase 3 via cleavage of Bid-2 (28) . It remains to be determined what proapoptotic genes may be induced by IRF-3; interestingly, recent studies using DNA array technology revealed that IFN induces a number of proteins known to be involved in the regulation of apoptosis that were not previously considered to harbor ISREs in their promoter regions (14) .
In uninfected cells, IRF-3 resides in the cytoplasm in a closed conformation that maintains it in a latent inactive state (21, 27) . Hence, overexpression of wtIRF-3 per se does not induce transcriptional up regulation of target genes. Virusinduced phosphorylation of IRF-3 leads to a conformational change that relieves autoinhibition and permits its dimerization and translocation to the nucleus and transcriptional activation of target genes. The constitutively active form of IRF-3-IRF-3(5D)-does not require this posttranslational modification; it is able to dimerize, interact with the CBP/p300 coactivator, and localize to the nucleus where it is a potent transactivator (21, 26, 27) . These results are consistent with the observation that wtIRF-3 overexpression alone does not induce apoptosis without activation by virus infection, whereas IRF-3(5D) is sufficient to induce apoptosis.
Other members of the IRF family of transcription factors have been implicated in growth control and apoptosis. IRF-1 functions as a tumor suppressor, while overexpression of IRF-2 results in cell transformation of NIH 3T3 cells and tumor formation in nude mice (17, 34) . IRF-1 mediates oncogeneand DNA damage-induced apoptosis by transcriptionally activating target genes such as caspase 1 and by cooperating with p53 to induce p21/WAF expression (36, 45, 46) . Chromosomal deletion at the IRF-1 locus has been associated with leukemia and preleukemic myelodysplasia, further highlighting the important functions of IRF proteins in growth control (55) . Although IRF-1 is activated upon viral infection, Tanaka et al. using IRF-1 knockout cells demonstrated that IRF-1 is not necessary for virus-induced apoptosis (47) . This study further demonstrated that alpha/beta IFN was essential for virus-induced apoptosis and neutralization of IFN reduced viral induced death. Furthermore, IFNAR and Stat1 Ϫ/Ϫ cells, were also deficient for virus-induced apoptosis (47) . It is possible that IRF-3 may subvert the function of IRF-1 since both proteins bind to the same DNA sequence element (GAAANNG AAANN); alternatively, IRF-3 may in some circumstances induce IRF-1 expression through the ISRE in the IRF-1 promoter. In our experiments, both Sendai virus-and IRF-3(5D)-induced apoptosis were not diminished by the use of antibody capable of neutralizing alpha/beta IFNs. Furthermore, RNase protection analysis showed that in 293 and Jurkat cells, overexpression of IRF-3(5D) alone was not sufficient to induce mRNA production for either IFN-␤ or IFN-␥. These results imply that IFN secretion is not essential for Sendai virus or IRF-3 activation of apoptosis, but rather indicate that several mechanisms of virus-induced apoptosis may exist. This hypothesis is supported by the observation that Sendai virus can induce apoptosis through the activation of FLICE/caspase 8 and CPP-32/caspase 3 by a mechanism independent of tumor necrosis factor and Fas receptor ligand binding (8, 9) .
Our study further clarifies the molecular pathway used by paramyxoviruses to induce apoptosis. Notably, the fact that IRF-3(5D) overexpression per se is sufficient for caspase 8 and caspase 9 activation and induction of apoptosis implies that phosphorylation of IRF-3 and subsequent nuclear translocation of IRF-3 is part of the general pathway involved in the regulation of cell death by paramyxoviruses. It is not possible to rule out the parallel activation of other apoptotic pathways since overexpression of a dominant negative mutant of IRF-3 (IRF-3 ⌬N) decreased Sendai virus-induced apoptosis by 50% but did not completely block virus-induced apoptosis (Fig. 5) . Likewise, it is not possible to rule out the synthesis of a low level of endogenous IFN that may escape detection but nonetheless contribute to IRF-3-mediated apoptosis (8) . The recent observation that the dsRNA protein kinase PKR regulates apoptosis through the involvement of the death receptors represents another pathway used by viruses to induce apoptosis in target cells (7) . A role for IRF-3 in mediating virus-induced apoptosis is supported by studies with the human papilloma virus E6 protein. E6, which induces cellular transformation via p53-dependent and independent mechanisms, was found to interact with IRF-3 and block its transactivation potential (38) . Since p53 gene deletion cannot account for the impaired differentiation seen in E6-expressing transgenic mice, E6 may induce oncogenesis by modulating IRF-3-regulated cell proliferation or apoptosis (38) . Our group and others have also demonstrated that virus infection leads to NF-B activation in target cells (2, 13, 16) . Furthermore, it is well established that NF-B provides a protective antiapoptotic function in most cell types (12) and therefore could act as a physiological antagonist of IRF-3 with regard to the induction of apoptosis. In support of this contention, the apoptotic effect of IRF-3 is partially masked by NF-B activation, since expression of a super repressor form of IB (2N⌬4) (23) increased Sendai virus-induced apoptosis by 70% in 293 cells (data not shown).
Activation of the IRF-3 transcription factor by viral infection may thus serve several functions. A role for IRF-3 in immediate-early activation of immunomodulatory RANTES and IFN gene expression has recently been demonstrated (21, 25) . These proteins are necessary for the host to mount an effective immune response. Our results illustrate that IRF-3 plays an additional role in mediating Sendai virus-induced apoptosis. Effective viral containment requires that infected cells are quickly eliminated. IRF-3 is an attractive candidate for mediating virus-induced apoptosis since IRF-3 is only activated upon viral infection and its activation-as demonstrated by transfection studies with IRF-3(5D)-induces up to a 200-fold increase in the transcriptional activity of responsive genes (25, 26) . Activation of IRF-3 would therefore allow an immediateearly response to virus infection that involves both the stimulation of the antiviral response and the elimination of virusinfected cells by apoptosis. (80 HAU/ml) or induced with DOX for the times indicated were subjected to SDS-PAGE and were transferred to nitrocellulose membrane. CPP-32 and its cleavage products were detected by immunoblot analysis by using a polyclonal CPP-32 antibody (a gift from P. R. Sekaly).
